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stress-related ABA receptors remains 
unknown. Studies in a number of lab-
oratories have provided evidence for 
plasma membrane ABA receptors, 
but research in four different labo-
ratories has also shown that guard 
cells respond to intracellular ABA 
(reviewed in Finkelstein and Rock, 
2002; Lee et al., 2006). Thus the rel-
evance of extracellular ABA accumu-
lation awaits further studies.
The research of Lee et al. (2006) 
supports a model in which ABA can 
be rapidly and locally released by 
AtBG1 through the posttranslational 
polymerization of the AtBG1 protein. 
These findings lead to several newly 
arising questions. How do environ-
mental stresses cause polymeriza-
tion of ABA-GE glucosidases? Does 
AtBG1 polymerization require protein 
modification or other cofactors? The 
findings of Lee et al. (2006) also indi-
cate that uncharacterized transport 
systems are involved in the move-
ment of ABA-GE and ABA. This study 
opens the door to investigations of 
new regulatory mechanisms that 
mediate plant hormone mobilization 
and sheds light into how plants adapt 
to environmental challenges.
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Cytosine methylation plays a crucial role in the regulation of gene expression and the control 
of genome stability in higher eukaryotes. Despite its importance for normal development, the 
degree and genome-wide distribution of DNA methylation has remained largely unknown. 
In this issue of Cell, Zhang et al. (2006) fill this gap by presenting a high-resolution map of 
DNA methylation in the genome of the flowering plant Arabidopsis.DNA methylation has been 
described in both prokaryotes and 
eukaryotes. In prokaryotes, DNA 
methylation is part of a system of 
defense against bacteriophages and 
occurs at both cytosine and adenine 
residues (Wilson and Murray, 1991). 
However, in multicellular organisms, 
ranging from plants to humans, 
DNA methylation is found almost 
exclusively at cytosine residues and contributes to epigenetic regulation 
of gene expression by reducing the 
transcriptional activity of chromatin 
(Figure 1). In this issue, Jacobsen, 
Ecker, and colleagues (Zhang et al., 
2006) report a genome-wide map 
of DNA methylation in the flowering 
plant Arabidopsis—the first of its 
kind for any organism.
DNA methylation is essential for 
the normal development of most mul-Cell 126, Septeticellular organisms (Klose and Bird, 
2006). For instance, targeted disrup-
tion of the mouse DNA methyltrans-
ferase genes Dnmt3a and Dnmt3b 
leads to embryonic lethality, and a 
particular mutation in human DNMT3b 
causes ICF syndrome, named for 
its primary symptoms: immunodefi-
ciency, centromeric instability, and 
facial anomalies. In Arabidopsis, 
mutations that reduce DNA methyla-mber 22, 2006 ©2006 Elsevier Inc. 1025
figure 1. The establishment and 
Maintenance of DnA Methylation in 
Arabidopsis
Establishment and maintenance of DNA 
methylation at different sequence contexts 
in Arabidopsis is controlled by different 
pathways and requires targeting by the 
RNAi machinery as well as by histone modi-
fications. Modes of maintenance of DNA 
methylation differ in that the inheritance 
of CG methylation can be coupled to DNA 
replication, independent of siRNAs and his-
tone modifications. (Figure adapted from 
Chan et al., 2006.) Abbreviations: DRM1/2, 
DOMAINS REARRANGED METHYLTRANS-
FERASES 1/2; DRD1, DEFECTIVE IN RNA-
MEDIATED DNA METHYLATION 1; CMT3, 
CHROMOMETHYLASE 3; MET1, METHYL-
TRANSFERASE 1; DDM1, DECREASE IN 
DNA METHYLATION 1.tion (such as mutations in the genes 
encoding the DNA methyltransferase 
MET1 or the chromatin remodeling 
factor DDM1) deregulate endogenous 
genes and activate transposons, 
leading to severe but variable devel-
opmental defects. Thus, DNA methyl-
ation patterns need to be both stable 
(that is, heritable) and flexible in time 
and space for normal development to 
occur.
In animals and plants, symmetric 
DNA methylation mostly occurs at 
both strands of CG dinucleotides. 
CG methylation patterns are herita-
ble in a replication-coupled manner 
by so-called “maintenance methyl-
transferases” (Dnmt1 in mammals, 
MET1 in Arabidopsis) that have a 
preference for hemimethylated sub-
strates. In contrast, DNA methyla-
tion at CNG (where N is any base) 
and nonsymmetric CHH trinucleo-
tides (where H is any base except 
G) is unique to plants. These types 
of DNA methylation are effected 
by the plant-specific chromometh-
ylase CMT3, as well as by DRM1 
and DRM2 (homologs of the mam-
malian de novo methyltransferases 
Dnmt3a/b). These all act together 
with the chromatin remodeling 
factor DRD1. Genetic evidence in 
Arabidopsis links developmentally 
important non-CG DNA methylation 
to histone modifications and to the 
RNAi machinery (Chan et al., 2006).
Despite extensive evidence of the 
role of DNA methylation in develop-
ment and genome stability, little is 
known about its extent and genome-1026 Cell 126, September 22, 2006 ©200wide distribution. Previously described 
strategies for the high-throughput 
detection of DNA methylation (as in 
Lippman et al., 2004; Tompa et al., 
2002; Rollins et al., 2006) either were 
at low resolution or covered only a 
small fraction of the genome.
Zhang et al. (2006) now pres-
ent a comprehensive map of DNA 
methylation of the genome of Ara-
bidopsis thaliana, combining both 
high resolution (35 bp) and almost 
complete genome coverage (97%). 
The authors used methylcytosine-
specific antibodies that recognize 
DNA methylation in all sequence 
contexts to immunoprecipitate frac-
tions of methylated and unmeth-
ylated DNA, respectively. These 
fractions were hybridized to tiling 
microarrays covering ?97% of one 
strand of the ?120 Mb Arabidopsis 
genome. Sites of DNA methylation 
were identified from hybridization 
signal intensities by applying strin-
gent statistical methods. This led to 
the identification of defined regions 
of methylation, which were anno-
tated in DNA methylation maps 
covering all five chromosomes of 
Arabidopsis. The DNA methylation 
patterns revealed by this analy-
sis are consistent with previously 
identified patterns that have been 
shown for individual loci, validating 
this microarray approach.
To understand how DNA meth-
ylation is linked to transcription, 
the authors performed genome-
wide expression analyses for both 
strands of the Arabidopsis genome 6 Elsevier Inc.using the same tiling array, as well 
as a second array that covers the 
opposite strand of the genome. The 
maps of DNA methylation gener-
ated by Zhang et al. (2006) reveal 
that about 20% of the Arabidop-
sis genome is methylated. Some 
regions were found to be highly 
methylated (up to 80%), such as 
transcriptionally inactive hetero-
chromatin including centromeres, 
pericentromeres, and the hetero-
chromatic knob on chromosome 4. 
These regions are densely packed 
with transposable elements and 
other repetitive sequences. Inter-
estingly, interspersed and tandem 
repeats are methylated to a greater 
extent than inverted repeats, sup-
porting previous suggestions that 
they may be controlled by different 
mechanisms (Cao and Jacobsen, 
2002). Euchromatic regions, which 
include genes and nonrepetitive 
intergenic regions, show a lower 
but still surprisingly high level of 
DNA methylation. In these regions, 
genes that are not expressed and 
pseudogenes show higher levels of 
methylation than expressed genes. 
All genes, whether expressed or not, 
are methylated to a higher degree 
in their transcribed regions than 
in their promoter. Of all expressed 
genes, 5% are methylated in the 
promoter and 33% are methylated 
in the transcribed region (so-called 
“body-methylated genes”), with a 
bias toward the 3′ portion of the 
transcribed region. A comparison 
with compiled expression data indi-
cates that body-methylated genes 
tend to be expressed at high levels 
with low tissue specificity, whereas 
promoter-methylated genes are 
expressed at lower levels in a more 
tissue-specific manner. Associa-
tion of DNA methylation with siRNA 
clusters is less frequent in tran-
scribed regions, suggesting that a 
large fraction of DNA methylation 
found in genes is independent of 
siRNAs, which can direct non-CG 
methylation.
The authors also generated DNA 
methylation maps of two Arabidop-
sis mutants: the triple mutant that 
lacks DRM1, DRM2, and CMT3, 
which has greatly reduced non-CG 
methylation (Cao and Jacobsen, 
2002), and the mutant that lacks 
MET1, in which both CG and, to a 
lesser extent, non-CG methylation 
are decreased (Saze et al., 2003). 
A dramatic change was observed 
in the met1 mutant, in which DNA 
methylation was lost in over 60% of 
the regions methylated in the wild-
type plant. This decrease in DNA 
methylation was accompanied by 
a massive reactivation of transpo-
sons and pseudogenes residing in 
heterochromatin that are normally 
silenced. Thus, MET1-mediated CG 
methylation is mainly responsible 
for the silencing of heterochromatic 
regions. Furthermore, met1 mutants 
show a stronger upregulation of 
promoter-methylated genes than of 
body-methylated genes, implying 
that promoter methylation strongly 
inhibits transcription. Body meth-
ylation has been proposed to pre-
vent antisense transcription from 
cryptic promoters located in the 
3′ end of transcribed regions that 
could interfere with normal sense 
transcription (Tran et al., 2005). 
However, no systematic increase 
of antisense transcription in body-
methylated genes was observed in 
met1 mutants. Changes in sense 
and antisense transcription of the 
same sequences were found to be 
largely independent, suggesting 
that antisense transcription does 
not have a major role in regulating 
sense transcription. In contrast to 
the met1 mutant, the drm1 drm2 cmt3 triple mutant showed only 
a mild reduction in overall DNA 
methylation, and transcriptional 
activity remained largely similar to 
that of wild-type plants. However, 
the subtle changes found in the 
triple mutant led to the significant 
upregulation of known expressed 
genes that reside in euchromatin, 
the actively transcribed region of 
chromosomal DNA. This suggests 
that non-CG methylation may be the 
primary mechanism that dynami-
cally regulates genes in a time- and 
space-dependent manner during 
development, whereas CG methyla-
tion, which is coupled to replication, 
may function principally in the sta-
ble maintenance of transposon and 
pseudogene silencing.
Interestingly, reducing DNA meth-
ylation also led to transcriptional 
activation of intergenic noncoding 
RNAs (ncRNAs), many of which may 
represent unannotated transposons 
showing no homology to sequences 
from other organisms. Further-
more, 60 ncRNAs that are normally 
expressed in wild-type plants were 
downregulated in the DNA methyla-
tion mutants. In contrast to the ones 
that are upregulated, these ncRNAs 
have sequence homology to other 
plant genomes, indicating that they 
might have biological functions.
In their new study, Zhang et al. 
(2006) demonstrate the fundamen-
tal role of DNA methylation in the 
regulation of gene expression and 
genome stability on a genome-
wide scale. However, it should be 
kept in mind that the wealth of the 
data generated allows only limited 
conclusions for individual, develop-
mentally important genes. Because 
all above-ground tissues of 5-week-
old flowering plants were taken for 
analysis, the data set represents 
just a snapshot of a pool of doz-
ens of cell types at different devel-
opmental stages. Thus, subtle and 
perhaps short-lived changes in the 
DNA methylation of specific tissues 
or cell types that play key roles in 
development may be overlooked. 
As just one example, DNA methyla-
tion analysis of single cell types in 
maize demonstrated that particular Cell 126, Septemimprinted loci have a different DNA 
methylation status in the egg and in 
the central cell, which are located 
right next to each other in the ovule. 
Cell-specific changes in DNA meth-
ylation coincide with a change in 
expression of these loci that is 
essential for development. In the 
maize endosperm, the two parental 
alleles become differentially methyl-
ated after fertilization, and only the 
maternally inherited, unmethylated 
allele is expressed (Gutiérrez-Mar-
cos et al., 2006). Undoubtedly, such 
fine-tuned yet essential regulation 
would be missed by the approach 
used by Zhang et al. (2006). There-
fore, to capture the full dynamics 
of developmentally important DNA 
methylation, existing methodologies 
to analyze DNA methylation and 
gene expression need to be adapted 
for use with smaller quantities of 
biological material as proposed by 
Day et al. (2005).
Certainly, the data set made pub-
licly available by Zhang et al. (2006) 
provides an invaluable tool to the Ara-
bidopsis community for the design of 
experiments on individual loci. Fur-
thermore, it sets the stage for look-
ing into the variation of DNA methyl-
ation between different Arabidopsis 
strains. This will help to uncover the 
contribution of epigenetic differ-
ences to phenotypic variation in 
nature, an area that has been largely 
neglected by evolutionary biologists 
in the past. There is no doubt that 
our understanding of the dynamics 
of the Arabidopsis “methylome” will 
grow as more such experiments are 
performed under standardized con-
ditions. Certainly, similar studies with 
other organisms will follow soon.
AcknowleDgMenTs
We thank B. Rubi and P. Sieber for critical 
comments on the manuscript.
RefeRences
Cao, X., and Jacobsen, S.E. (2002). Proc. Natl. 
Acad. Sci. USA 99 (Suppl 4), 16491–16498.
Chan, S.W., Henderson, I.R., Zhang, X., Shah, 
G., Chien, J.S.C., and Jacobsen, S.E. (2006). 
PLoS Genet. 2, 791–797.
Day, R.C., Grossniklaus, U., and Macknight, ber 22, 2006 ©2006 Elsevier Inc. 1027
R.C. (2005). Trends Plant Sci. 10, 397–406.
Gutiérrez-Marcos, J.F., Costa, L.M., Dal Prà, 
M., Scholten, S., Kranz, E., Perez, P., and Dick-
inson, H.G. (2006). Nat. Genet. 38, 876–878.
Klose, R.J., and Bird, A.P. (2006). Trends Bio-
chem. Sci. 31, 89–97.
Lippman, Z., Gendrel, A.V., Black, M., Vaughn, 
M.W., Dedhia, N., McCombie, W.R., Lavine, 
K., Mittal, V., May, B., Kasschau, K.D., et al. 1028 Cell 126, September 22, 2006 ©200
Pathogenic microorganisms depend 
on their host for existence. They 
have evolved strategies to invade, 
multiply, and propagate within their 
host while attempting to evade its 
defenses. Among the weapons at 
the disposal of pathogens are tox-
ins that form pores in the host cell 
plasma membrane, which allow the 
pathogen to inject virulence factors 
required for infection. Likewise, the 
host has evolved the means to sense 
the presence of a pathogen and react 
to it. These host responses include 
the activation of an innate immune 
response and apoptosis. In this issue 
of Cell, van der Goot and colleagues 
(Gurcel et al. 2006) report a new 
strategy for host defense in which 
caspase-1 promotes cell survival by 
activating a pathway that repairs the 
cellular damage inflicted by pore-
forming toxins.
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intracellular pathogens. The best 
characterized of these is caspase-
1. Caspase-1 is activated within the 
inflammasome, a macromolecular 
complex assembled by members 
of the NOD-LRR family of proteins 
in response to “danger signals.” 
These signals, which are most com-
monly bacterial products or altera-
tions in the intracellular ionic milieu, 
appear to act in a specific manner 
inducing the assembly of special-
ized inflammasomes. Recently, the 
stimuli and ligands that activate the 
NALP3 and IPAF inflammasomes 
have been investigated. Bacterial 
RNA (Kanneganti et al., 2006), uric-
acid crystals (Martinon et al., 2006), 
and a decrease in intracellular K+ lev-
els (Mariathasan et al., 2006) are all 
known to activate signaling through 
NALP3, resulting in activation of 
caspase-1. IPAF, on the other hand, 
appears to act differently by recruit-
ing caspase-1 in response to bac-
lds a new Bar
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this issue.terial flagellin (Franchi et al., 2006; 
Miao et al., 2006; Molofsky et al., 
2006; Ren et al., 2006). Upon activa-
tion, caspase-1 processes the pro-
inflammatory cytokines IL-1β and IL-
18, leading to their secretion, which 
contributes to the innate immune 
response and host defense. Cas-
pase-1 is also required for the induc-
tion of apoptosis in macrophages by 
certain bacteria.
Gurcel et al. (2006) report a new 
role for caspase-1 in activating sterol 
regulatory element binding proteins 
(SREBPs) to promote lipid biogen-
esis. The authors studied pathogenic 
bacteria that secrete protein toxins, 
which form ion-permeable pores in 
the plasma membrane of host cells, 
leading to K+ efflux. They show that 
this ionic perturbation is sensed not 
only by the NALP3 inflammasome 
but also, surprisingly, by the IPAF 
inflammasome, leading to caspase-1 
activation. The activation of caspase-
rier to 
y cytokines and apoptosis in 
06) now reveals a surprising 
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